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ABSTRACT 
Although most of the early efforts on the CFC phase-out has been led to HFC refrigerants, presenting good 
results, hydrocarbons (HC) emerge as a reasonable option. They .present no ozone depletion nor global warming 
potentials and benefits could come from the thermodynamic characteristics. 
This paper deals with the issue ofCFC12 aubstitution in small reciprocating compressors for domestic appliances. 
Five laternative refrigerants are investigated from the thermodynamic point of view. Thermodynamic properties are 
achieved using routines which represents the state-of-the-art in tli.e field. Performance parameters are compared, 
considering compressors with the same ideal refrigerating capacity. The computer simulation program used in this 
analysis has been widely used in previous works, furnishing very reliable results. Finally, some light is shed on some 
aspects regarding the CFC12 superseding. ,. 
INTRODUCTION 
Nowadays, it is evident that a drop-in fluid to CFC12 substituition is virtually inexistent. All the known 
proposed alternatives differ from CFC12 in such a way that strong modifications are required in system design, 
compressor parts conception, materials, etc. Issues like reliability, compatibility, toxicity, flammability, availability 
and performance must be dealt with, as well as concernigs about to ozone depletion potential (ODP) and global 
warming potential (GWP). 
Among a number of possible options, HFC134a has been accepted as the leading candidate. It presents similar 
thermodynamic properties and a GWP an order of magnitude lower comparing to CFC12 and no ODP. It suffers, 
however, from losses of capacity in low evaporating temperatures and problems related to oil compatibility. Some 
researchers consider its GWP great enough to cast it off, looking for more environmental-friendly fluids. In such 
scenario, hydrocarbons (HC) emerge as viable options, since they present no ODP nor GWP. They exhibit high 
flammability, but in a high quality sealed system it might not be considered a great problem. 
In this paper, various alternatives for CFC12 substitution are evaluated. The objective is not to rank alterna-
tive refrigerants, thus the results presented here must not be taken as definitive. A complete study on the CFC 
substituition subject must embrace large efforts on topics different than theoretical analysis. In what follows, the 
comparison is merely qualitative and it represents just the first step in the evaluation of HCs as CFCs substitutes, 
as focused by Heinzelmann & Ussyk (1990). 
A previously developed reciprocating compressor simulation program was adapted to run with various fluids, 
through linking to REFPROP database (see Gallagher, 1993), since it had been originaly developed only for HFC134a 
and CFC12. The simulation program uses the first law of thermodynamics to perform energy balances throughout 
the compressor, including in-cylinder transformation. Effective overall heat transfer coefficients for each control 
volume are considered constant and experimentally evaluated. In a general manner, it evaluates temperatures 
in eight control volumes representative of compressor parts. A companion compressor simulation program which 
simulates the compressor working featur'es is used to calculate instantaneous mean pressure and temperature inside 
the cylinder, instantaneous mass flow rates, valves dynamics, energy and mass losses, refrigerating capacity, energy 
consumption, etc. For further details about the program, see Todescat et alli (1992). 
The program is validated running a compressor sample different than the model analyzed in the preceding works. 
An analysis from the thermodynamic point of view is performed. Temperatures, refrigerating capacity, energy con-
sumption and P-v digram are numericaly evaluated and compared to experimental data, furnishing a good agreement. 
Three refrigerants are considered, CFC12, HFC134a and HC600. As a second step, the whole operating characteris-
tics are numerically evaluated, considering CFC12 (dichlorodifluoromethane), HFC134a (1,1,1,2-tetrafluoroethane), 
HFCI52a (1,1-difluoroethane), HC290 (propane), HC600 (butane) and HC600a (2-methylpropane). Finally, the 
compressor performances considering the aforementioned refrigerants are compared. 
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SIMULATION PROGRAM VALIDATION 
Since the simulation program used in the present work had been corroborated just for one compressor model and 
two refrigerants, CFC12 and HFC134a, its validation should be previously extended. A small reciprocating hermetic 
compressor was investigated (about 5.0cm3 of swept volume). Table 1 shows a comparison among numerical and 
experimental data. evaluated regarding the aforementioned compressor, working at ASHRAE low back pressure 
check-point working condition, for two running frequencies and three refrigerats. The same compressor was used 
throughout the experiments. 
Table 1: Numerical results deviation from experimental data 
f=50Hz f=60Hz 
CFC12 HFC134a HC600a CFC12 HFC134a. HC600a 
refrigerating capacity (%) +3.5 +2.7 -4.2 +3.3 +0.1 -3.3 
energy consumption (%) +1.4 +2.9 -0.8 +2.4 +1.2 +2.1 
suction valve opening (0 ) +2.1 +3.5 +3.2 n.a. n.a. n.a. 
discharge valve opening (0 } -1.0 -1.8 +1.1 n.a.. n.a. n.a. 
internal environment temperature (°C) n.a. n.a. n.a.. -1.0 +0.7 +0.5 
suction muffler temperature (°C) n.a. n.a. n.a. -0.3 +1.1 -0.6 
cylinder temperature (°C) n.a. n.a. n.a. -0.8 +2.1 -0.6 
discharge muffler temperature (°C) n.a. n.a. n.a. -1.4 +1.3 +0.6 
discharge temperature (°C) n.a. n.a. n.a. -2.1 +0.2 +1.1 
n.a.: not ava~lable 
Temperatures are taken in the gas stream for internal environment, suction muffler, discharge muffler and dis-
charge. Cylinder temperature represents the mean cylider wall temperature. 
Numerical results compared here are within 5% deviation from experimental data; the other compressor operating 
characteristics showed the same behaviour. The degree of confidence is considerep good enough to the purposes of 
this work, in spite of the simulation program had presented closer agreement in previous works. Better results could 
be achieved through program calibration to experimental data, but in view of the speculative feature of the present 
study, this procedure was considered out of scope. 
THERMODYNAMIC ANALYSIS 
This section presents a thermodynamic analysis of the refrigerants under study. Some important parameters 
regarding characteristics that affect compressor performance are compared. 
Figure 1 presents the vapor pressure curves for the six refrigerants analyzed, in the usual range of operating 
temperatures. Both HFC134a and HFC152a. present curves closer to CFC12 curve than the hydrocarbons studied. 
In what follows, it is clear that more effort must be led in system and compressor redesign when considering the 
HC alternatives, comparing to HFC options. High vapor pressure is favourable at low saturation temperatures, 
since a pressure drop under atmospheric conditions could draw air, water vapor and impurities into the system in a 
point where leak occurs. In this case, internal degradation might happen and risk of explosion raises for flammable 
refrigerants. On the other hand, at higher condensing temperatures, it could require components of extra strenght. 
Figure 2 shows the pressure difference between suction and discharge, considering 54.4°C condensing temper-
ature, 32.2°G superheating, subcooling and compressor entry temperatures and the usual range of evaporating 
temperatures. These operating conditions will be used hereafter in this study. One may observe that only HFC152a 
presents similar values of pressure difference comparing to CFC12. It is well-known that this parameter has a strong 
impact on bearing loads and leakages. The larger is the pressure difference, the more robust must be the bearings 
and valves, which generally means less efficiency. Compressors that work with high pressure differenes require higher 
starting torque motors, which usually are less efficient. 
Compression ratios are ploted in figure 3. In rough terms, better ideal efficiencies could be reached with lower 
compression ratios. High values of this parameter also affects negatively volumetric efficiency, compression work and 
required shaft torque. In this perspective, one may notice that only HC290 presents better features comparing to 
CFC12, specially at low evaporating temperatures. 
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Figure 4 presents the volumic refrigerating effect, defined as the specific refrigerating effect divided by the specific 
volume at compressor entry. It is clear that HC290 presents the best performance regarding the volurnic refrigerant 
effect. It means that, for the same refrigerating capacity, it would require less displacement than other options, which 
leads to smaller compressors, lower vibration levels and reduced pressure losses throughout the system manifolds. 
Otherwise, the adaptation of existing compressors becomes harder to overcome, specially for low capacity models. 
The other options show volumic refrigerating effects lower than CFC12, which means that they would require greater 
swept volume for the same refrigerating capacity. 
Considering the aforementioned points, no refrigerant presents superior features in all aspects analyzed. The 
better choice would depend basically on the design priorities. 
THEORETICAL COMPARISON 
The compressor working features depend strongly on the refrigerant used. Comparing results of the same com-
pressor working with various fluids may lead to misunderstandings, since they furnish diverse capacities. In this 
work, it was decided to compare performances using compressors with the same ideal refrigerating capacity, whatever 
the refrigerant considered. In what follows, the swept volume was calculated inversely proportional to the volumic 
refrigerating effect of the refrigerant. The compressor used in the validation, working with CFC12, was taken as 
basis. A constant value for the relation between cylinder bore and piston stroke was used. All the other compressor 
characteristics were maintained throughout the analysis; no attempt was made aiming components optimization. 
Table 2 presents the comparison among calculated temperatures along the compressor. 
a e : emperatures a ong t e compressor, T bl 2 T h 
CFC12 HFC134a HFC152a HC290 HC600 HC600a 
internal environment 91.8 87.1 93.1 89.9 83.7 83.7 
suction muffler 71.7 69.4 79.8 65.0 74.6 66.2 
cylinder 110.2 105.5 116.7 98.2 109.2 102.1 
discharge muffler 149.5 138.6 151.4 130.8 128.4 127.8 
discharge 106.4 99.9 101.9 99.7 87.2 96.5 
housing 65.5 67.0 66.3 61.1 61.0 61.0 
Obviously, all temperatures are related with each other; nevertheless the following comments are pertinent. High 
discharge muffler temperature is related with high final compression temperature, which has a considerable impact 
in valve cooking, carbonization, lubricate breakdown, etc. It also has consequences on the whole refrigerating system 
design. High suction muffler temperature results in lower mass efficiency, affecting the global performance. A high 
housing temperature might be an indicative of high internal temperatures. High cylinder temperature generally 
causes piston lubrication shortcoming, which increases wear. 
In table 3 some compressor mass losses are compared. Values are relative to ideal mass flow, which is almost the 
same for all cases. 
Table 3· Compressor mass losses relative to ideal mass flow (%) 
CFC12 HFC134a HFC152a HC290 HC600 HC600a 
suction superheating 8.9 7.5 9.7 7.2 5.8 6.8 
suction back-flow 0.3 0.2 0.2 0.2 0.2 0.2 
piston/ cylinder leakage 1.7 2.2 2.0 4.5 0.7 1.2 
discharge back-flow 1.3 1.7 1.5 1.1 2.0 1.8 
dead volume 11.6 13.8 12.4 15.4 7.0 8.9 
other 12.3 17.2 15.3 10.0 43.9 24.6 
total 36.0 42.5 41.1 38.5 59.5 43.5 
Leakage and dead volume losses enlarges at higher discharge pressure. The losses denoted as "other" include 
compressor manifolds pressure losses, in-cylinder gas heating, etc. Losses in valves depend strongly on the mass flow 
rate. Suction superheating is a function of suction muffler temperature and mass flow rate. 
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Table 4 shows a comparison among the compressor power losses. Values are relative to ideal energy consumption 
for the actual mass flow. 
Table 4: Compressor power losses relative to ideal power (%) 
CFC12 HFC134a HFC152a HC290 HC600 HC600a 
thermodynamic 21.7 18.3 24.6 18.2 42.4 31.3 
suction valve 9.3 11.7 11.4 1.8 35.8 17.1 
discharge valve 4.2 3.2 3.4 0.8 11.5 7.2 
bearings friction 16.7 19.0 18.6 16.8 47.5 28.3 
motor 63.6 63.7 66.1 59.0 99.3 76.9 
total 115.4 116.0 124.1 99.8 236.5 160.7 
Motor efficiency was considered constant. Thermodynamic losses depends on the refrigerant properties and on 
the mechanical cycle. Valve losses is related to the mass flow rate. Bearing friction loss includes two terms. The 
first one is the piston-cylinder friction, variable for each case. The second one includes the other bearings friction 
losses, and was considered constant. This approximation must be taken into account in the conclusions. In rough 
terms, the higher is the pressure difference, the higher is the bearing friction. 
In table 5 additional operating characteristics are described. 
Table 5: Compressor global parameters relative to CFC12 (%) 
HFC134a HFC152a HC290 HC600 HC600a 
maximun pressure +6.8 -3.9 +29.2 -49.2 -37.2 
swept volume +4.21 +11.8 -32.9 +177.1 +87.1 
refrigerating capacity -11.0 -9.1 -5.4 -38.1 -13.7 
EER -2.6 -3.2 +6.7 -24.7 -7.3 
P-v diagram efficiency -0.2 -2.0 +7.8 -11.7 +0.1 
P-v diagram efficiency is the relation between actual refrigerating capacity and P-v diagram area. This parameter 
is useful to analyze the energy consumption drawbacks relative to the refrigerant itself. Energy efficiency ratio 
(EER) represents the ratio between actual refrigerating capacity and energy consumption. The comparison of actual 
efficiency and P-v diagram efficiency indicates some potential of optimization of actual compressors. Improvements 
in valves, bearings and mufflers could overcome some of the disadvantages regarding energy penalties or losses of 
refrigerating capacity. 
CONCLUSIONS 
A number of concernings must be dealt with in order to choice the best option to replace CFC12 in refrigerating 
industry. Environmental concerns and high efficiency are the main factors, although one must consider aspects 
like safety, reliability, noise, system performance, costs, and so on. The present work represents only one key step 
towards accomplishing the ultimate goal, consonant to the routine presented by Heinzelmann & Ussyk (1990). Fixed 
operating condition was considered here, which is far apart the real case. Only one compressor model was analyzed; 
conclusions might diverge depending on the model under study. In this scenario, HC290 shows superior performance 
characteristics, but it was not investigated whether its implementation is feasible or not. 
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Figure 4: Volumic refrigerating effect 
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